The Okinawa Trough is a back-arc basin behind the Ryukyu trench-arc system and located along the eastern margin of the Eurasian continent. Sulfide and sulfate mineralization associated with hydrothermal activity has been recognized in ten hydrothermal fields in the Okinawa Trough. Hydrothermal mineralization recognized in these fields is commonly represented by coexisting occurrence of zinc-and lead-enriched polymetallic sulfides and abundant sulfate minerals. The mineralogy and geochemical signatures present has led researchers to suggest these areas may be a modern analogue for the formation of ancient Kuroko-type volcanogenic massive sulfide (VMS) deposits. Recent seafloor drilling during IODP (Integrated Ocean Drilling Program) Expedition 331 documented the subseafloor structure of a hydrothermal system at the Iheya North Knoll. Mineral textures and hydrothermal assemblages present in the drilled cores obtained from a hydrothermal mound in the proximal area are consistent with Kuroko-type mineralization. Based on geochemical studies, the intra-field diversity of mineralization commonly recognized in the Okinawa Trough can be explained by subseafloor phase separation of the hydrothermal fluid, which reflects shallow water depth (from 700 to 1,600 m). The subseafloor phase separation may. play an important role to accumulate metal elements beneath the seafloor. Based on geophysical and geological studies, the Okinawa Trough is considered a back-arc basin in the rifting stage. Such a tectonic setting is characterized by development of normal faulting in brittle continental crust and frequent intrusion of a magma, which can be expected to provide favorable environment for development of a hydrothermal system Keywords
Introduction
Since the initial discovery in 1988 (Halbach et al. 1989) , seafloor hydrothermal activity of the Okinawa Trough has been considered a modern analog to ancient Kuroko-type VMS (volcanogenic massive sulfide) deposits. Fouquet et al. (1991) proposed seafloor massive sulfide deposits in a back-arc setting showed more resemblance to the Kuroko-type deposits compared with those in the midocean ridge. Halbach et al. (1993) studied in detail mineralogy of sulfide ore samples collected from the Jade field in the Okinawa Trough, and concluded that the seafloor sulfide deposit is a modern analogue of the Kuroko-type deposits, based on strong similarities in the mineralogical and chemical composition of the polymetallic (zinc and lead enriched) sulfides present. Several researchers followed this idea in their reports for description of hydrothermal mineralization (e.g., Nakamura et al. 1989 ). Marumo and Hattori (1999) showed similarities are also found in occurrence of clay minerals formed by hydrothermal alteration. Glasby et al. (2008) argued that sulfide ore samples collected from hydrothermal fields in submarine volcanoes of the Izu-Bonin Arc showed greater similarities in chemical composition to that of the Kuroko-type deposits, although they recognized hydrothermal fields in the Okinawa Trough showed resemblance in the tectonic setting. In 2010, IODP Expedition 331 drilled through the active hydrothermal field at the Iheya North Knoll hydrothermal field, providing a unique opportunity to directly access the hydrothermal system below the seafloor (Takai et al. , 2012 . Mineral textures and assemblages present in the drilled cores obtained from a hydrothermal mound in the proximal area were consistent with those recognized in ancient Kuroko-type mineralization (Yeats et al. 2012; Yeats and Hollis 2013) . Moreover, stratabound occurrences of base-metal mineralization and widespread hydrothermal alteration were documented across an area of over 500 m extent, which are comparable to ancient Kuroko-type deposits .
The northeast (NE) Honshu is the type locality for Kuroko-type VMS deposits, where the Hokuroku District is especially known as many large deposits are concentrated. The Kuroko-type deposits are located in a narrow zone parallel to the arc and associated with a specific litho-tectonic domain that mainly consists of Neogene submarine volcanic rocks (e.g., Sato 1974) . Numerous studies were devoted to understand formation of Kuroko-type VMS deposits which represent a significant crustal source of Zn-Pb-Cu-Ag-Au in Japan, based on analysis of samples collected during the mining boom period of 1960s (e.g., Ishihara 1974; Ohmoto and Skinner 1983) . They established a concept that the Kuroko-type deposits formed at the discharge sites of submarine hydrothermal systems associated with silicic magmatic activity (e.g., Ohmoto 1996) . However, several conflicting ore formation models have been proposed, and provoked continuing debate (e.g., Urabe and Marumo 1991; Ohmoto 1996) . The Kuroko-type deposits are characterized by strata-bound and massive mineralization of diverse sulfide and sulfate minerals. However this style is difficult to be simply explained by the hydrogeology of a hydrothermal system. To make matters worse, the Kuroko mines in the northeast Japan were shut down during the 1980-1990s. Since then, samples are available only from archives (Glasby et al. 2008) , and only a few studies have been published (e.g., Shikazono 2003; Urabe and Kubota 2004) .
If it is the case that hydrothermal activity in the Okinawa Trough is a preferable modern analog to ancient Kuroko-type deposits, it would provide a rare window into the formation of Kuroko-type VMS deposits. In this Chapter, we review previous studies on hydrothermal mineralization in the Okinawa Trough to verify how it is analogous to characteristics of mineralization of the Kuroko-type deposits, which would be useful for further discussion on links between VMS mineralization and the regional geology of the Okinawa Trough back-arc basin. Tectonic activities, geological features (including the nature of volcanism), and its evolution are discussed in Sect. 27.2. Case studies on seafloor hydrothermal mineralization are introduced in Sect. 27.3. The characteristics and style of mineralization are discussed in relation to the tectonic setting of the Okinawa Trough back-arc basin in Sect. 27.4.
Geological Setting of the Okinawa Trough

Tectonic Overview
The Okinawa Trough is one of many back-arc basins located along the eastern margin of the Eurasian continent ( Fig. 27 .1). It extends for more than 1,200 km from the Japanese mainland to Taiwan along the Ryukyu Arc, and is characterized by active rifting structures and magmatism along the depression (Letouzey and Kimura 1986 ). In contrast to the other back-arc basins in western Pacific, previous study has shown that the Okinawa Trough lacks oceanic lithosphere (Nagumo et al. 1986; Hirata et al. 1991; Oshida et al. 1992) . A recent seismic study revealed a minimum crustal thickness of only 8 km at the southernmost part ). Although this thickness might be thin compared with typical continental crust, the velocity gradient of the layer is too low to be interpreted as oceanic crust. From these lines of evidence, the Okinawa Trough is considered still to be in the nascent stage of back-arc basin formation. The slow extensional rate (3.7 AE 0.06 cm/year) observed by means of the Global Navigation Satellite System, or GNSS (Kotake 2000) is also consistent with the view that seafloor spreading has not yet commenced.
Geological Features and Volcanism
Recent seismic profiles (Oikawa et al. 2009 ) have shown the Okinawa Trough is geologically complex both along and across its length ( Fig. 27 .2). The northern to middle part of the trough, which lies along the Kyushu to Amami Islands, consists of numerous half-grabens within and/or next to the massive Tokara Sub-Basin (Sibuet et al. 1987) . The stratigraphy of this area was documented by the borehole "TO-KA1" (Nash 1979) . On the basis of following correlations, the Shimajiri Group (SG) comprising Late Miocene to Pliocene terrigenous deposits, lies as the basement of the trough not only in the northern part but along its length (Kimura 1985) . Such half-grabens rotated the Shimajiri Group, and they were later overlain by onlapping trough-infill deposits ( Fig. 27.2a) . The northern half of the trough had been long considered to be devoid of active volcanism (e.g. Kimura 1996) . However, based on recent detailed mappings together with results of petrologic studies, Yokose et al. (2010) proposed that a chain of submarine knolls along the North Okinawa Trough would be assigned as an extension of the volcanic front of the Ryukyu Arc that is identified as volcanoes in the Tokara Islands.
In the middle to southern Okinawa Trough, there is a remarkable change in the topography of the trough. The trough floor is lowered and the continental slope becomes steeper ( Fig. 27.1 ). Such a topographical change is accompanied by en echelon intra-trough grabens (Kimura 1985) . While the volcanic front in the Ryukyu Arc disappears from the sea-surface in west area of the Iwo-Torishima Is., an area of extensive intra-trough volcanism along the Iheya Graben occurs in the middle of the Okinawa Trough. Sibuet et al. (1987) inferred this was a product of the volcanic arc migrating into the back-arc basin, and named it the Volcanic Arc Migration Phenomenon, or VAMP area. Although the volcanism takes place within the Okinawa Trough, its compositions consistently vary from rhyolite to basalt (Ishikawa et al. 1991; Shinjo and Kato 2000) . As a result of such extensive volcanism, the VAMP area is spotted with regions of anomalously high heat flow (Yamano et al. 1986 ) and several hydrothermal fields (Ishibashi and Urabe 1995) . (Sibuet et al. 1987 ) and CVST (Cross-Backarc Volcanic Trail) area (Sibuet et al. 1998) The southernmost area which is close to Taiwan Is. has the topographically lowermost trough floor throughout the Okinawa Trough (Fig. 27.1 ). Previous surveys on the crustal thickness in the area documented the thinned nature of the continental crust, which is less than 20 km thick (Lee et al. 1980; Hirata et al. 1991; Klingelhoefer et al. 2009 ), whereas thicker crust occurs in the middle (Murauchi et al. 1968; Nagumo et al. 1986 ) and northern parts (Iwasaki et al. 1990 ) of the trough. Such geophysical evidence suggests that backarc basin formation is most pronounced in the southernmost part of the Okinawa Trough. This area hosts major volcanic alignment which crosses the central graben, and called as the Cross-Backarc Volcanic Trail, or CBVT (Sibuet et al. 1998) . Chronological variations of the volcanism suggest complex backgrounds related to the collision in Taiwan (Shinjo 1999; Shinjo et al. 1999) . Lin et al. (2004) inferred that a slab window originated from the subducting Gagua Ridge on the Philippine Sea Plate was the cause of such volcanism. Possible signs of magma chambers at the lower crust beneath the CBVT have been observed ).
Origin and Evolution
Multiple stages of evolution were proposed to explain the origin of the Okinawa Trough (e.g. Lee et al. 1980; Kimura 1996; Miki 1995) . The geographical order and timing of the initiation of rifting still remains quite controversial. The geological reconstruction proposed by Kimura (1985 Kimura ( , 1990 Kimura ( , 1996 provided a schematic evolution for the entire Okinawa Trough, with two stages of rifting in the Pliocene (6-4 Ma) and Pleistocene to present (2-0 Ma). Kimura (1985 Kimura ( , 1990 Kimura ( , 1996 argued that extensive rifting took place between the area of the current continental shelf and Ryukyu Arc in the first stage. The deposition of Shimajiri Group, which was widely prograding from the continental shelf to Ryukyu Trench (Sibuet et al. 1998; Park et al. 1998 ) took place during this event. Across the unconformity that was associated with subaerial exposure (Kimura 2000) , the second stage of rifting was marked by the rapid subsidence and deposition of onlapping thick trough-infills which eventually shaped the present Okinawa Trough. Submarine channels and meanders at the trough floor , as well as limestone outcrops discovered from a water depth of 1,400 m , indicate the remarkable rate of the subsidence. At least in the southernmost area of Okinawa Trough, this stage is thought to be still in progress with the westward migration towards Taiwan (Wang et al. 2000) .
On the other hand, the onshore studies have shown that the recent advances on the studies of coral development in Pleistocene provided the spatiotemporal yield for the backarc basin formation, which is possibly comparable to the second stage of the rifting. Formation of the back-arc basin would disturb the terrigenous supply from the continent and enable the growth of coral reefs in the arc. In fact, the oldest reef deposits in the Ryukyu Islands formed at 1.45-1.65 Ma in the northern to middle part of the Islands, while the dating never predates 1 Ma at the southernmost Yaeyama Islands (Iryu et al. 2006) . It is therefore assumed that the subsidence of the Okinawa Trough started at the northern to middle part in the Early Pleistocene, prior to development in the south. A paleostress study supports such a view of southwestward migration of the rifting (Otubo and Hayashi 2003) . In the Ryukyu Islands, however, it is believed that a large scale environmental change from the marginal highlands to the island chain took place somewhat coincidentally. Pollen analysis in the Okinawa Island spotted the disappearance in the mountains of 1,000-1,500 m height which apparently enabled the vegetation of cool climate trees in 1.2-0.8 Ma (Kuroda and Ozawa 1996) . Phylogenetic reconstruction of insects also provided an implication for the timing of the isolation of the islands as in the form of group. It is estimated that Amami-Okinawa, Yaeyama and Taiwan were likely to be branched simultaneously around 1.55 Ma (Osozawa et al. 2013) . Although the detailed context of events and their localities may still require further investigations, the ongoing tectonics in the Okinawa Trough can be well understood within the framework of a developing Quaternary back-arc basin.
Case Studies in Hydrothermal Activity
and Mineralization in the Okinawa Trough
Daiyon-Yonaguni Knoll Hydrothermal Field
The Daiyon-Yonaguni Knoll hydrothermal field is situated in an elongated valley with a length of approximately 1,000 m and a width of approximately 500 m, and lies adjacent to the Daiyon-Yonaguni Knoll (one of the seamounts that delineate a volcanic belt) ( Fig. 27.3 ). Active hydrothermal sites align north-south, which may be related to a fault control on hydrothermal flow. Observations during dive surveys indicate the elongated valley is covered mainly with muddy sediment, except for active hydrothermal sites, and that the northern slope of the valley has volcanic breccia . A diverse style of fluid emanations occurs within the Daiyon-Yonaguni Knoll hydrothermal field (Inagaki et al. 2006; Konno et al. 2006; Suzuki et al. 2008) . A large chimney-mound complex called the Tiger site, which is approximately 10-m high, is located near the boundary between the slope of the knoll and sediment seafloor at water depth of~1,370 m. Vigorous venting of blackish-smoky fluids up to 328 C has been recorded from the basal part of the mound complex, which seems to mark the central part of the present hydrothermal activity in the field. On the other hand, clear fluid venting with the highest temperature of 310 C was observed at the top of the same chimney at the Tiger site at water depth of 1,362 m. Another large chimney-mound complex called the Lion site (located at just 50 m north of the Tiger site) hosts smokers venting vigorously similar blackish smoky fluid at 326 C. Another mound structure (named as Crystal Site) at about 100 m east of the Tiger site was recognized by dense colony of vent specific animals. Venting of clear fluid with the highest temperature of 220 C was observed at the foot of the mound, which was accompanied with discharge of significant amount of liquid CO 2 droplets. Liquid CO 2 emanation from altered sediment has been observed in many places around the active hydrothermal mounds (Inagaki et al. 2006; Konno et al. 2006 ). In the southern part of the hydrothermal field (the Abyss Vent site), diffusive fluid venting was observed from the seafloor which is covered with sediment associated whitish hydrothermal crusts (Inagaki et al. 2006) . Further south, inactive or diffuse venting from small chimney structures has been recognized, although the area has not been well explored.
Mineralization in the Daiyon-Yonaguni Knoll hydrothermal field was studied in detail by Suzuki et al. (2008) . According to this study, the diverse range of sulfide and sulfate mineral deposits can be classified into five groups; (i) anhydrite-rich chimneys, immature precipitates including sulfide disseminations in anhydrite; (ii) massive Zn-Pb-Cu sulfides, consisting of sphalerite, wurtzite, galena, chalcopyrite, pyrite, and marcasite; (iii) Ba-As chimneys, composed of barite with sulfide disseminations, sometimes associated with realgar and orpiment overgrowth; (iv) Mn-rich chimneys, consisting of carbonates (calcite and magnesite) and sulfides (sphalerite, galena, chalcopyrite, alabandite, and minor amount of both tennantite and enargite); and (v) pavement, silicified sediment including abundant native sulfur or barite. Suzuki et al. (2008) demonstrated a link between the mode of sulfide/sulfate mineralization and geochemistry of fluid emanations. The sulfide/sulfate mineralization (groups i-iii) was dominantly observed in chimney-mound structures in the proximal area (the Tiger site and Lion site), which often host vigorous venting of high temperature and slightly Cl-enriched fluid (Cl concentration of the fluid is higher than that of seawater). In contrast, the sulfide/ carbonate mineralization (group iv) and the silicified sediment (group v) were found in the distal area, which are associated with clear fluid venting and/or diffusive fluid emanation. These fluids showed Cl-depleted chemistry and sometimes were associated with discharge of CO 2 liquid droplets. Cl-depleted clear fluid venting was exceptionally observed in the proximal area, at the very top of the chimney at Tiger site. And in the same chimney, carbonate minerals were identified, which follows the same link between the mineralization and fluid chemistry. In addition, Gena et al. (2013) documented occurrence of Pt-Cu-Fe-bearing bismuthinite and Sn-bearing chalcopyrite in the active chimney at the Tiger site. They were attributed to have precipitated as metastable phase at a temperature above 300 C based on the fluid inclusion data.
Hatoma Knoll Hydrothermal Field
The Hatoma Knoll hydrothermal field is located inside the summit crater of the Hatoma Knoll ( Fig. 27.4 ). At the center of the summit crater, which is approximately 600 m in diameter, a dacite cone hosting large active chimney structure was recognized at a water depth of 1,470-1,485 m (Watanabe 2001) . Hydrothermal activity has also been observed in several sites surrounding the central cone at water depth about 1,490 m, where the seafloor is covered with (altered) sediment. Vigorous venting of clear hydrothermal fluid up to 301 C at the central cone seems to mark the central part of the present hydrothermal activity in the field. Emanation of liquid CO 2 droplets was observed at several active sites including the central cone (Shitashima et al. 2007 ).
According to the previous study (Okamoto et al. 2002; Nakano et al. 2008) , mineralization in the Hatoma Knoll field can be classified into three groups; (i) anhydrite-rich chimneys, immature precipitates including sulfides (sphalerite and pyrite) disseminations in anhydrite; (ii) massive ZnPb-Cu sulfides, consisting of sphalerite, wurtzite, galena, tennantite-tetrahedrite, chalcopyrite and pyrite, and sometimes associated with non-stoichiometric As-sulfide; and (iii) Ba-As chimneys, composed of barite and sulfides disseminations sometimes associated with As-sulfide and/ or kermesite which is likely to be secondary minerals originated from stibnite. Other than these sulfide/sulfate minerals, glob of native sulfur was sometimes recognized as attached to the ore samples.
The association between the mode of sulfide/sulfate mineralization and geochemistry of fluid emanations is relatively simple. All of the active chimneys venting high temperature fluids are predominantly composed of anhydrite, and the fluid chemistry was Cl-depleted without any exception. Barite bearing chimneys were always inactive chimneys. On the other hand, the abundant occurrences of sulfides have only been found in massive blocks which were There is a report that a Cu-rich sulfide sample approximately 5 cm in size was dredged from a small knoll (24 46.0 0 N, 123 59.0 0 E, water depth ¼ 1,474 m) near the Hatoma Knoll (Watanabe et al. 1995) . In addition, east of the Hatoma Knoll, Tarama Knoll (25 06 0 N, 124 32 0 E, water depth ¼ 1,490 m) has been known as to host Fe-rich oxides mineralization in more than 100 m wide area (Yamanaka et al., Chap. 40) .
Irabu Knoll Hydrothermal Field
Hydrothermal activity has been observed both at the top of West seamount and at the summit depression of the East seamount ( Fig. 27 .5). More intense activity was observed on the West seamount, where clear fluid emanations with the temperature of 151 C were recorded in 2000 ) and 67
C was recorded in 2011 (Fukuba et al., Chap. 39) . Along a steep slope of both the West and East seamounts, continuous exposures of fresh basaltic pillow lava were observed . Magmatism of the Irabu Knoll has been considered to occur at the cross point of an axial part of the Yaeyama Central Graben and the volcanic front of the Ryukyu trench-arc-backarc system. Mineralization in the Irabu Knoll field was studied with great interest, since the hydrothermal activity is probably hosted by a basaltic magma (Watanabe et al. 2006) . Massive sulfide samples collected from the West seamount consist of dominant sphalerite, with subordinate amounts of chalcopyrite, galena and tennantite-tetrahedrite and with some realgar. Chimney-like samples and gangue minerals-rich samples were also recovered. In a sample of massive sulfide collected from the East seamount, primary bornite and secondary covellite were identified. In summary, mineral associations of the sulfide samples did not show distinctive characteristics from other hydrothermal fields in the Okinawa Trough, with exception for a few minor minerals (Watanabe et al. 2006 ).
Hakurei Hydrothermal Field in the Izena Hole
The Hakurei field is located at the bottom of the depression of the Izena Hole (which has also been termed as the Izena Cauldron), at water depths of 1,600-1,610 m ( Fig. 27.6a, b) . The Izena Hole is situated along the southwestern continuation of a chain of Quaternary volcanoes of the Ryukyu arc , while its location can also be considered as the eastern end of the Aguni rift graben segment (Halbach et al. 1993) . The Izena Hole is a rectangular shaped depression about 6 Â 3 km. Abundant tuff breccia and woody pumice exposed on the slopes, and a center-cone like small knoll consisted of dacitic lava recognized at the center of the Hole, are evidence for recent magmatic activity Kato 1990 ). Hydrothermal activity has been observed over an area exceeding 500 m length during ROV studies (Ishibashi et al. 2014) . Vigorous high temperature fluid venting in the Hakurei field was often associated with a complex chimney structure which was more than 10 m in height and equipped with well-developed flange structure. Effluent of high temperature fluid up to 326 C was observed from the edges of a few meters long flange at the "Dragon" chimney located at a water depth of 1,600 m.
The Hakurei field has been explored intensively by JOGMEC (Japan Oil, Gas and Metals National Corporation) under a framework of the ocean energy and mineral resources development program since 2008. More than a hundred of drillings with BMS (Benthic Multi-coring System) have been conducted, and Zn-rich polymetallic sulfide mineralization was extensively recognized in the Hakurei field (METI 2013). BMS drilling was also conducted for scientific purpose during the TAIGA project (Ishibashi et al., Chap. 42) . A sequence of core samples of 6 m length was successfully obtained and occurrence of Cu-rich sulfide mineralization was recognized (Yoshizumi et al., Chap. 43).
Jade Hydrothermal Field in the Izena Hole
The Jade field is located at an inside slope of the north-eastern wall of the Izena Hole (Cauldron) at a water depth of 1,550-1,300 m ( Fig. 27 .6a, c). This field is named as "JADE" in commemoration of Japan-Deutche collaboration during the SO-56 cruise of German Research Vessel Sonne, which accomplished the first discovery for the seafloor hydrothermal activity around Japan (Halbach et al. 1989 ). Hydrothermal activity was recognized in an area of 500 Â 300 m. Venting of hydrothermal fluid up to 320 C at the TBS chimney at water depth of 1,350 m seems to mark the central part of the present hydrothermal activity in the field. Active chimneys associated with moderate to high temperature fluid venting are concentrated in around the TBS chimney. Diffusive shimmering vents and inactive chimneys have been recognized, along the active venting, in a NE-SW direction . Emission of liquid CO 2 was identified at both extensions of the chimney line (Sakai et al. 1990) . At the southwestern extension of the chimney line, thick layered consolidated structure plausibly consisted of amorphous silica and native sulfur was recognized at~500 m apart from the TBS chimney. In the vicinity, diffusive venting of hydrothermal fluid of 104 C associated with liquid CO 2 bubble was located, which was named as the Biwako vent (Ishibashi et al. 2014) . About 3 km southwest of the Biwako Vent, the Hakurei field is located; however, the sandwiched area between the Jade and Hakurei fields has not been explored.
Mineralization in the Jade field was studied at first using massive samples collected by a TV-controlled deep-sea grab system during SO-56 cruise (Halbach et al. 1989 ). Sphalerite and galena were the principal minerals, which are accompanied by pyrite, marcasite, chalcopyrite, tetrahedrite-tennantite, barite, amorphous silica and anglesite. Halbach et al. (1993) distinguished five ore types from the collected samples; (i) Zn-Pbrich sulfide ore, massive sulfide composed of sphalerite, galena, pyrite, and chalcopyrite; (ii) Ba-Zn-Pb sulfide ore, consists of a matrix of euhedral to anhedral barite with sphalerite and tennantite-tetrahedrite; (iii) Massive Zn-Cu-rich sulfide slabs, dominated by sphalerite and chalcopyrite, but contain pyrite, marcasite, covellite, realgar, galena and a Ag-Cu-sulfide; (iv) Fe-rich replacement ore, which represents fragments of mature chimneys and (v) Zn-Pb-rich impregnation ore consists of thin stringers and veinlets filled with coarse-grained sulfides in strongly altered siliceous host rocks.
Several geochemical studies have been conducted for these mineral deposits. Systematic studies on fluid inclusions (Lüders et al. 2001 (Lüders et al. , 2002 Lüders and Niedermann 2010) demonstrated evidence for subseafloor phase separation and its influence on the mineralization. Lead isotope data from ores, igneous rocks and sediments suggested that both surrounding sediments and volcanic rocks contributed comparable amounts of lead to the deposit (Halbach et al. 1997) . Zeng et al. (2009) reported minor elements composition and U-series isotope data of sulfide/ sulfate deposits. Noguchi et al. (2011) reported 87 Sr/ 86 Sr data for barite collected from the Jade and Hakurei fields, which suggest a significant contribution of sediment.
Clam Hydrothermal Field Along the Iheya Ridge
The Clam hydrothermal field is located at a small depression along the eastern part of the Iheya Ridge where basalt breccia occurs (Fig. 27.7) . In 1988, the Clam Site was the second discovery of high temperature hydrothermal activity in the Okinawa Trough. A deep-tow TV camera survey at this site revealed the presence of a clam colony. Intensely hydrothermally altered and sometimes consolidated sediment was recognized in a small area (100 Â 50 m) at a water depth of 1,392 m (Nakashima et al. 1995) . In some areas, forests of small chimneys (less than 10 cm in height) were recognized along the fissure, where calm diffusive emanations of clear fluids occur. The landmark feature of the Clam hydrothermal field, 2 m high cone-shaped chimney structure called the Pyramid chimney discharged hydrothermal fluid from the foot part of the structure. The fluid temperature fluctuated year to year of sampling, and the highest temperature was recorded as 220 C in 1988. Venting was ceased in 1990, and since then, dive studies have not been conducted in this field.
Mineralization in the Clam field was characterized by carbonate precipitates (Nakashima et al. 1995) . The carbonates collected from the chimney structure consisted of manganoan calcite, rhodochrosite, anhydrite, and amorphous silica, with only trace amounts of sulfides including wurtzite, pyrrhotite, chalcopyrite, isocubanite and realgar present as disseminations (Izawa et al. 1991) . Native sulfur was also recovered from the outer region of the field. Carbonates precipitation should be related to high alkalinity of the hydrothermal fluid, which is accompanied with increase of ammonium ion and 34 S-enriched sulfate (Gamo et al. 1991) . As they demonstrated, this fluid chemistry would be attributed to be affected by sulfate reduction utilizing supplied hydrothermal methane and/or organic matter decomposition in the sediment layer, which in turn induces carbonate mineralization. This idea is supported by microscopic observations where replacement of anhydrite and gypsum by carbonate or sulfide minerals was recognized by the crystal texture (Nakashima et al. 1995) .
At the summit area of the Natsushima 84-1 knoll (water depth of 1,540 m), which is located about 15 km east extension of the Iheya Ridge, low-temperature hydrothermal activity was first discovered in 1986 in the middle Okinawa Trough (Kimura et al. 1988) . Shimmering water from one of the mounds has a temperature 2-3 C higher than that of the ambient seawater, while methane and manganese anomalies were detected. The mound was covered with a yellowish brown deposit of Fe-rich smectite and Fe-Mn oxyhydroxide (Masuda et al. 1987 ).
Iheya North Knoll Hydrothermal Field
The Iheya North Knoll hydrothermal field is located along the eastern slope (at water depth about 1,000 m) of a small knoll which constitutes a volcanic complex of the Iheya North Knoll (Fig. 27.8) . Seismic studies around the Iheya North Koll demonstrated relatively disordered seismic reflectors as deep as 400-500 mbsf (meters below the (Tsuji et al. 2012 ). This suggested presence of pumiceous volcaniclastic flow deposits below surficial hemipelagic sediments, rather than massive igneous rocks. Indeed, previous geological studies using gravity cores have recovered a large volume of pumiceous volcaniclastic sediment in the Central Valley.
About ten of the active hydrothermal mounds are concentrated in a small region, aligned north to south. Many of the mounds host active fluid venting and sulfide/ sulfate mineralization. A large mound of more than 30 m height associated with vigorous venting of clear fluid with the highest temperature of 311 C (called NBC (North Big Chimney) mound) appears to mark a center of the hydrothermal activity at the Iheya North Knoll (Nakagawa et al. 2005) . A diversity of fluid chemistry and temperature within the hydrothermal field has been attributed to subseafloor phase separation (Kawagucci et al. 2011) .
Mineralization in the Iheya North Knoll was studied based on analysis of active and inactive chimneys collected from the seafloor (Ueno et al. 2003) . Main sulfide minerals are sphalerite, wurtzite, galena, pyrite, marcasite, chalcopyrite and tennantite-tetrahedrite. Luzonite and freieslebenite and covellite were identified in a few samples. Gangue sulfates consist mainly of barite, gypsum and anhydrite.
During scientific drilling by IODP Expedition 331, a variety of hydrothermal sulfide/sulfate deposits were successfully recovered from below the seafloor (Takai et al. , 2012 Yeats et al. 2012; Ishibashi et al. 2013 ). Blocks of massive sphalerite-(pyrite-chalcopyrite)-rich sulfides, coarsely crystalline anhydrite aggregate and silicified rocks disseminated with veins contained pyrite were identified in the core drilled at the flank of the NBC (North Big Chimney) hydrothermal mound. Sulfide mineralization was identified also within intensively altered sediment at two drilled sites, 100 and 450 m east of the NBC mound. Occurrence of sulfides in the upper portions was characterized by detrital grains which included euhedral fragments of sphalerite and pyrite. In the core at greater depths, quartz-sulfide veins were present among silicified volcanic breccia, some of which contained chalcopyrite, sphalerite and galena.
Yoron Hole Hydrothermal Field
The Yoron Hole hydrothermal field is located on the northeastern slope of a small depression termed as the Yoron Hole (Fig. 27.9 ). This caldera-like depression approximately 3 km in a diameter was recently identified by detailed mapping (Horisako et al. 2010) . Hydrothermal activity was only observed at two small areas at water depths of 560-590 m (Fukuba et al., Chap. 38). All of the active smokers discharged clear fluid, with the highest temperature of 247 C. Active chimney samples collected from the Yoron Hole hydrothermal field consisted of dominantly barite associated with sulfide minerals of sphalerite, galena pyrite tetrahedrite-tennantite or associated with combination of stibnite, orpiment and Pb-Ag-Sb sulfide (Ooki et al. 2012 ). The latter mineral assemblage could be attributed to low temperature mineralization. Massive sulfide was recognized only at one site, which mineral association was composed of dominant sphalerite and pyrite, minor chalcopyrite, stibnite, covellite and tetrahedrite-tennantite.
Minami-Ensei Knoll Hydrothermal Fields
The Minami-Ensei Knoll hydrothermal field is located in one of small depressions (named as C depression) of the Minami-Ensei Knoll (Fig. 27.10 ). This knoll is characterized by complicated topography which includes small hills and depressions within a circular rim of 2 km radius. Poorly vesciculated pumice, diorite, and granite samples were recovered from this knoll implying the knoll is a volcanic complex. The "C depression" of 300 Â 100 m in size is located on the western slope of the knoll at a water depth of~700 m. Several rather small chimneys were recognized as aligned along an N-S direction. Many of them discharged transparent fluids with the highest temperature of 278 C (Chiba et al. 1993 ).
According to Nakashima et al. (1995) , mineralization in the Minami-Ensei Knoll field can be classified into four types; (i) anhydrite-rich chimneys, immature precipitates of anhydrite and/or gypsum including sulfide disseminations consisting of chalcopyrite, sphalerite, pyrite, galena, anglesite; (ii) massive Zn-Pb-Cu sulfides, consisting of pyrite, sphalerite, galena and chalcopyrite; (iii) clastic layers consist of both volcanic and hydrothermal particles. Volcanic material is mainly pumiceous fragments which were filled up with sulfide minerals including sphalerite, pyrite, chalcopyrite, galena, tetrahedrite-tennantite, realgar, and stibnite. All of the active chimneys are fragile anhydrite or gypsum chimney, and massive or sheeted sulfide are collected only from the seafloor.
Hydrothermal Mineralization in the North Okinawa Trough
The northern Okinawa Trough had been long considered be devoid of active volcanism (e.g. Kimura 1996) , while the volcanic front is obviously recognized as a series of the Tokara volcanic islands. Yokose et al. (2010) proposed that this volcanic chain extends in a southwest direction to submarine knolls along the North Okinawa Trough, based on petrologic study together with detailed mapping. They also recognized some submarine caldera structures in the volcano chain, from where subangular to angular cobble-boulder fragments of lava, scoria and pumice of volcanic rocks were abundantly recovered by dredging. As mineralized samples, Fe-Mn oxide crusts enriched in As and Mo were documented as dredged from the Amami caldera, one of the submarine calderas (Yokose et al. 2009 ). The northern Okinawa Trough has become one of target regions for recent exploration of seafloor hydrothermal deposits.
Characteristics of Hydrothermal Mineralization in the Okinawa Trough
Chemical Signature of Hydrothermal Ores
As described in the previous section, a diverse range of mineralization has been recognized in most of the hydrothermal fields in the Okinawa Trough. For sulfide mineralization, sphalerite and galena are the principal minerals in most of the fields. Pyrite, chalcopyrite, marcasite, and/or tetrahedrite-tennantite are also commonly identified. Sulfates such as anhydrite, gypsum and barite are also recognized abundantly in all the fields. On the other hand, carbonate has only been recognized in two fields, the Daiyon-Yonaguni Knoll and Clam field. To confirm this common signature, bulk chemical composition of mineralized samples collected from the hydrothermal fields in the Okinawa Trough is compiled in Fig. 27 .11. A plus symbol in the figure indicates an average grade of 392 drilled core samples from the Hakurei field (METI 2013); which was reported as Cu ¼ 0.51 wt%, Pb ¼ 3.49 wt%, Zn ¼ 9.69 wt%, Fe ¼ 30.68 wt%, Au ¼ 3.2 g/t and Ag ¼ 250 g/t. The data plot is likely to be shifted to Fe-rich; however this is mainly because a significant amount of pyrite in the alteration zone was included. Sulfide ores from the Okinawa Trough are notably enriched with Zn and Pb compared with sulfide samples collected from seafloor hydrothermal fields in the mid-ocean ridge setting. As several researchers have pointed out, above signatures of mineralization found in the Okinawa Trough is similar to that of Kuroko-type deposits which are usually polymetallic (Zn-Pb-Cu-Ag-Au, with trace metal associations). It is notable that the common signature in the bulk chemical composition is recognized in spite of a diverse range of a water depth and geologic setting where the hydrothermal activity is hosted. This signature can be attributed to reflect the chemical signature of the ore fluid which transports metals. It is reasonable to expect enrichment in Pb in the hydrothermal ores from the Okinawa Trough, compared with those from the mid-ocean ridge setting, as both island arc magma and surrounding continental crust are enriched in Pb (e.g. Halbach et al. 1997) .
Enrichment in some specific trace elements such as As, Sb and Ag has been noticed in sulfide ores from the Okinawa Trough both by geochemical studies (e.g., Noguchi et al. 2007 ) and mineralogical studies (e.g., Halbach et al. 1989) . Sulfide minerals of these elements have been considered as precipitated in the later low-temperature stages based on their occurrence often found in the outer part of the ores (Halbach et al. 1989) . Enrichment in these elements is observed also in the Kuroko-type deposits, but not so much considerable (Glasby et al. 2008 ). However, this difference has not been well discussed.
Style of Mineralization Below the Active Hydrothermal Field
Although several studies have described the characteristics of hydrothermal mineralization at sites across the Okinawa Trough, most of them were based on analytical results of mineralized samples collected from above the seafloor using a submersible or dredge. This situation is quite different from that our knowledge about Kuroko-type deposits has been accumulated by studying numerous core samples drilled for underground exploration. Because the stratabound mineralization is one of important characteristics for the Kuroko-type deposits, our present understanding of mineralization in the Okinawa Trough might be distorted due to the sampling bias. Deep drilling during IODP Expedition 331 provided the first opportunity to overcome this problem by revealing the subseafloor hydrothermal structure at the Iheya North Knoll (Takai et al. 2012 ). Lithologies at the Iheya North Knoll field are characterized by a complex mixed sequence of coarse pumiceous volcaniclastic and fine hemipelagic sediments, overlying dacitic to rhyolitic volcanic substrate (Yeats et al. 2012) . Together with the seismic image obtained by previous investigation (Tsuji et al. 2012) , these lithologies are likely to be horizontally continuous between the drilled sites up to 1 km (Takai et al. 2012) . Sulfide occurrences are shown in a compilation of vertical profiles at two drilled sites; C0013 located at 100 m east of the central mound and C0014 at 450 m east, in Fig. 27 .12a. Sulfide mineralization at these two sites was characterized by the occurrence of detrital grains which included euhedral crystals of sphalerite and pyrite in the upper portions of sediment, 0-12 mbsf at C0013 and 0-19 mbsf at C0014 (Takai et al. 2012; Ishibashi et al. 2013) . Sediment in some sections collected from Site C0013E was heavily mineralized, with layers up to 10 cm in thickness probably exceeding 50 % total sulfide, while the sulfidic grits were relatively scarce at Site C0014. In the core at greater depths (26-28 mbsf at C0013 and, 109-113 mbsf and 127 mbsf at C0014), quartz-sulfide veins among silicified volcanic breccia were present; some of them contained chalcopyrite, sphalerite and galena. Sulfate minerals, anhydrite and/or gypsum were abundant in the intermediate layer (6-24 mbsf at C0013 and 57-100 mbsf at C0014), sometimes breccia with euhedral anhydrite clasts were noted. (Lawrie and Miller 2000) . Alphabetical symbols represent a name of a hydrothermal field where samples were collected, G: Daiyon-Yonaguni Knoll field , M: Hatoma Knoll field (Okamoto et al. 2002) , J: Jade site in the Izena Hole (Halbach et al. 1993) , K: Iheya North Knoll field (Ueno et al. 2003) By drilling into the flank part of the active hydrothermal mound (NBC mound) at Site C0016, a variety of mineralization styles were successfully recovered Yeats et al. 2012) . Blocks of massive and semi massive sulfide were obtained from the first core (0-9 mbsf). Underlying recovered lithologies included snow-white, coarsely crystalline anhydrite aggregate with a dark vein of pyrite (9-27 mbsf), along with silicified and variably altered volcanic rocks. Shipboard work by Yeats et al. (2012) demonstrated that recovered massive sulfides show clear evidence for formation by both surface detrital and subsurface chemical processes, with some sphalerite precipitation in void spaces. Sulfide and sulfate paragenesis is consistent with an evolving system, where early sphalerite mineralization is overprinted by pyrite and then chalcopyrite as the temperature increases, prior to late sphalerite precipitation as it cools (Yeats et al. 2012) . Late coarse anhydrite is consistent with final seawater influx (Yeats et al. 2012) . Quartzmuscovite/illite and quartz-chlorite alteration of underlying lithologies Yeats et al. 2012 ) are consistent with proximal hydrothermal alteration associated with Kuroko-type VMS deposits.
The vertical profiles of mineral occurrence documented for the obtained cores are directly compared to those from Kuroko-type deposits in Fig. 27.12b . A typical Kuroko-type VMS deposit, according to the classic study by Sato (1974) , is usually composed of gypsum ore, siliceous ore, yellow ore, black ore, barite ore and ferruginous chert ore in stratigraphically ascending order. As well as the sphaleriterich massive sulfides, the sulfidic grits in the upper portion sediment could correspond to "black ore". The siliceous volcanic breccia with sulfide veins may correspond to the "siliceous ore". Material reminiscent of Kuroko-type "yellow ore" was not identified in the cores. The interval of thick hydrothermal alteration with abundant anhydrite may be corresponded to the "gypsum ore", but may also represent seawater influx into the system. The agreement in the 2-D structure both in vertical and horizontal scale supports the idea that mineralization recognized at the Iheya North Knoll is associated with a hydrothermal system similar to that formed Kuroko-type VMS deposits.
Another important success during the IODP drilling was recovery of the sphalerite-rich massive sulfide blocks that strongly resemble the "black ore" of Kuroko-type deposits (Yeats et al. 2012) . Clastic textures comprising fragments of hydrothermal clay and siliceous volcanic material were recognized by microscopic observation, which is attributed to be formed by subsurface chemical processes involving surface detrital material. On the other hand, chimneys collected from active or inactive vents on the seafloor often showed distinctive mineral texture that is explained by a result of precipitations during quench process, such as colloforms mainly consists of pyrite, dendritic growth texture, and also by small grain size (Ueno et al. 2003) . These textures have been rarely recognized in Kuroko-type deposits, as demonstrated by Shikazono and Kusakabe (1999) . It is notable that the mineralization observed in the drilled cores collected from 100 to 450 m apart from the hydrothermal mound is characterized by occurrence of sulfidic detrital grains. By microscopic observation, euhedral crystals of sphalerite and pyrite were identified as closely associated with abundant clay minerals ). This texture is also quite distinctive from the texture recognized in chimneys collected from active or inactive vents.
Diverse Range of Mineralization and Fluid Chemistry
Active hydrothermal fields in the Okinawa Trough are located in rather shallow water depth from 700 to 1,600 m. Moreover, the highest temperatures of venting fluids are close to the boiling temperature of the seawater at pressure corresponding to the water depth of the seafloor in many fields. Geochemical studies of venting fluids indicated evidence for subseafloor phase separation in several hydrothermal fields in the Okinawa Trough (Kawagucci, Chap. 30) . Evidence for subseafloor phase separation was also recognized by a systematic study of fluid inclusions in the Jade field (Lüders et al. 2001 (Lüders et al. , 2002 . As several previous studies pointed out that phase separation should play important roles in mineralization process, because it causes drastic change in fluid chemistry (e.g. Drummond and Ohmoto 1985) . As described in the Sect. 27.3.1, the relationship between a diverse range of mineralization styles and intra-field variation of fluid chemistry was recognized in the Daiyon-Yonaguni Knoll hydrothermal field, and attributed to influence of subseafloor phase separation . Sulfide mineralization was dominantly observed in chimney-mound structures in the proximal area where vigorous venting of high temperature and slightly Cl-enriched fluid are concentrated. Carbonate mineralization was found in the distal area where Cl-depleted and transparent fluid venting sometimes associated with discharge of CO 2 liquid droplets was observed. Similar intra-field diversity in fluid chemistry was recognized also in the Jade field (Ishibashi et al. 2014) . Such a geographical distribution of hydrothermal discharge is similar to the diversity of fluid discharges observed in a subaerial geothermal field. As Giggenbach et al. (1994) documented for a geothermal field in New Zealand, high-temperature NaCl type springs from the brine phase are located in the central area and acid-sulfate type springs originated from the vapor phase are located in the peripheral area in many cases. Since the phase separation of the hydrothermal fluids in the Okinawa Trough occurs in the sub-critical condition, hydrological behavior of two phases should be similar to the case of boiling occurs in an on land geothermal system rather than that of super-critical phase separation in the deep region (e.g. in the vicinity of a magma body).
Venting of hydrothermal fluids experienced boiling (phase separation in the sub-critical condition) has been documented by several studies (e.g. Butterfield et al. 1990; Takai et al. 2008) . They demonstrated diversity of observed fluid chemistry is almost quantitatively explained by participation of chemical species during the subseafloor boiling; gas species such as CO 2 and H 2 S into the vapor phase, while ion species such as Cl and Na into the liquid phase. They also mentioned that hydrothermal fluid in natural systems discharges from the seafloor before physical segregation of vapor and liquid phases completes, because phase separation usually occurs during rapid fluid ascending. In the DaiyonYonaguni Knoll hydrothermal system, the high temperature Cl-enriched hydrothermal fluids are interpreted as the mainstream of the ascending fluid which has experienced vapor loss during the boiling, while Cl-depleted hydrothermal fluids are condensate of the vapor-rich phase which has branched .
Participation of ore-forming elements during phase separation (both in subcritical and supercritical conditions) was discussed in detail in a review by Heinrich (2007) . Elements which forms chloride-complex such as Na, Fe, Zn, Pb partition more into the liquid phase, basically in proportion to Cl enrichment (Pokrovski et al. 2005) . Behavior of Cu is unique; Cu follows the same trend as Zn under S-free condition, while addition of S into the system as an additional complexing ligand causes enrichment in Cu in favor of the vapor phase (Nagaseki and Hayashi 2008) . Hydroxycomplexed elements including As, Sb and Au reach relatively higher concentrations in the vapor phase. These results indicate fractionation between vapor and liquid phases is highly element-specific, suggesting phase separation can be an important step in the segregation of elements to form certain types of ore deposits (Heinrich 2007) . In natural systems, also drastic pH change should associate with phase separation due to favorable participation of gas species in the vapor phase (Drummond and Ohmoto 1985) . Because the solubility of metal elements is substantially controlled by fluid pH, this effect makes the behavior of metals during phase separation more complex. Irrespective of such complex behaviors, the sulfide mineralization associated with vigorous venting of high temperature and slightly Cl-enriched fluid in the Daiyon-Yonaguni field is reasonable, because influence of phase segregation would be limited based on the observed Cl concentration slightly higher than the seawater .
On the other hand, it is notable that only Cl-depleted hydrothermal fluid was recognized in the Hatoma Knoll and Minami-Ensei Knoll hydrothermal fields. All the active chimneys in these two fields are anhydrite dominant sulfate chimney, in which sulfide minerals are identified only as disseminated. Exclusive anhydrite mineralization observed in the entire hydrothermal field could be explained by less participation of metals into the vapor phase during the subseafloor phase separation, although cooling of the ascending hydrothermal fluid should be another important factor which induces low solubility of metal elements, especially for Cu. Similar significant metal loss associated with fluid phase separation was documented for a subaerial but seawater-dominated geothermal system in Iceland (Hardartóttir et al. 2009 ). While hydrothermal fluids collected from in situ wells at 1,350-1,500 m depth contained sub-millimolar order of Fe, Cu and Zn, samples collected at the surface of the same wells had orders of magnitude lower metal concentrations. This significant difference was attributed to precipitation caused by boiling during depressurization, which was confirmed by occurrence of Cu-rich scales deposit at the orifice of the well (Hardartóttir et al. 2010) . Based on this result, they proposed that subseafloor mineralization associated with phase separation may occur in some submarine hydrothermal systems where boiling of fluids occur before discharging from seafloor vents. If it is the case applicable to the hydrothermal fields in the Okinawa Trough, subseafloor mineralization could be one of important processes for formation of VMS deposits. This idea may be supported by an observation of post-drilling changes after IODP Expedition 331 , which documented rapid growth of sulfide-sulfate chimney structure on the artificial vent drilled as Hole C0016A into the NBC mound . They reported occurrence of sulfide minerals (mainly composed of chalcopyrite, sphalerite, and galena) inside of the newly grown chimney associated with venting of Cl-enriched hydrothermal fluid after drilling, while only a small anhydrite chimney had been observed as active vents on the NBC mound associated with Cl-depleted fluid emanation.
The diverse range of mineralization in the hydrothermal fields in the Okinawa Trough is also recognized in a compilation of the FeS content in sphalerite/wurtzite (Fig. 27.13) . Many of collected samples show significant low FeS content in ZnS less than 5 mol%. On the other hand, higher FeS content in ZnS than 10 mol% was recognized in the samples collected from the Daiyon-Yonaguni and Jade field, where brine-rich hydrothermal fluid venting was observed on the seafloor. In these samples, the high FeS sphalerite was associated with sulfide minerals formed under reductive environment such as pyrrohtite. These two groups are likely to correspond to mineralization under Cl-depleted (gas-rich) and Cl-enriched (gas-lost) hydrothermal fluids, as discussed in the previous study ). However, the compiled FeS/ZnS ratio is rather low compared with that observed in VMS deposits, which may be distorted due to the sampling bias in the seafloor studies. Previous studies on VMS deposit (e.g. McLeod and Stanton 1984) have demonstrated systematic change in FeS/ZnS in stratiform ores. Systematic sampling preferably including drilled core samples would be required to discuss geochemical environment for mineralization.
Tectonic Setting Favorable for Effective
Formation of Volcanogenic Massive Sulfide Deposits
As discussed in the Sect. 27.2, the Okinawa Trough is a back-arc basin in the rifting stage. Development of hydrothermal systems would be stimulated by fault networks that act as fluid conduits and the frequent intrusion of a magma that supplies a heat source. Thick accumulations of terrigenous and/or volcanic sediment on the seafloor could be another important geological feature which favorable for ore deposit formation. The sulfide occurrence within the sediment layer revealed by IODP Expedition 331 suggests highly porous volcaniclastic materials provide sufficient space for fluid flow and mineral precipitation (Ishibashi , Hatoma Knoll field (Nakano et al. 2008) , Irabu Knoll field (Watanabe et al. 2006) , Jade field in the Izena Hole (Halbach et al. 1993) , Iheya North Knoll field (Ueno et al. 2003) , Yoron Hole and Minami-Ensei Knoll fields (Ooki et al. 2012) et al. 2013). As shown in Fig. 27 .12a, the porosity of hydrothermally altered sediment drastically decreased in the layer of anhydrite formation, but remained high in the layer of clay minerals alteration which includes the layers of sulfide mineralization. This advantage would be endorsed by comparison with mineralization found in drilled core samples obtained during previous scientific drillings. During ODP Leg 193 conducted in the Pacmanus field in the East Manus Basin, only minor mineralization was observed in fissures of dacite lava dome as vein type inlet (Binns et al. 2007 ). On the other hand, drilling during ODP Legs 139 and 169 conducted in the Middle Valley revealed formation of massive sulfide ore body below the seafloor in a tectonic setting of sedimented ridge where axial valley of terminated spreading ridge is covered with thick terrigenous turbidite (Zierenberg and Miller 2000; Goodfellow and Franklin 1993) . Considering these points, geological structure of a depression associated with magmatic intrusions is considered favorable for formation of massive sulfide deposits. A large size caldera volcano would provide such an environment in an island-arc setting. In the early rifting stage, a depression structure formed by graben surrounded by faulting would be alternative candidate. This idea has been proposed by several researchers, for formation of Kurokotype deposits (e.g. Ohmoto 1996) . The Jade and Hakurei fields in the Izena Hole would be listed as the top of such examples, although volcanic activity in this hole has not been well studied. Some previous studies pointed out geographic distribution of hydrothermal mounds in the Izena Hole could be comparable to distribution of ore deposits in the Hokuroku Basin in the northeast Japan (e.g. Nakamura et al. 1989) .
As Glasby and Notsu (2003) noted, several active hydrothermal fields have been discovered in clusters in the middle Okinawa Trough, where is called as the VAMP area (the Volcanic Arc Migration Phenomenon) by Sibuet et al. (1998) (Fig. 27.1) . Although artificial bias of exploration efforts cannot be excluded as a possible reason, some ideas have been proposed for explanation. Halbach et al. (1989) noticed this area is a kind of overlapping area of two axial graben structures. Sibuet et al. (1998) emphasized subduction of the Daito Ridge extending beneath the VAMP area has induced stress at the base of the arc with the result that cracks propagated through the overlying brittle lithosphere acted as conduits for magmas with arc affinities to erupt at the seafloor (Fig. 27.1) . Yokose et al. (2010) pointed out a series of a large size seafloor caldera structure in the North Okinawa Trough, as an extension of volcanoes of Kyushu Islands-Tokara islands. Although the volcanic front becomes unclear in the middle Okinawa Trough, the VAMP area would be assigned as the extension of this arc caldera chain.
A recent study discussed evolution of the geologic setting of the northeast Honshu arc from Early Eocene to Early Miocene (Yamada and Yoshida 2011) . They proposed that extensive volcanism in the rifting stage from 21 to 14 Ma which hosted formation of Kuroko-type deposits around the Hokuroku area (in its final period) is related to the back-arc spreading stage before 21 Ma at the Yamato Basin located at several hundred km west, and recognized an eastward migration of volcanic activity with time (Yamada and Yoshida 2011) . As discussed in the Sect. 27.2, geologic setting of the Okinawa Trough is considered as still in the rifting stage and evidence for the late stage in the rifting activity was appeared in the South Okinawa Trough. We may speculate about a forward stage when spreading of the Okinawa Trough starts from the southern end. If similar eastward migration of volcanic activity with time occurs in the Okinawa Trough, the middle Okinawa Trough might be the area where extensive volcanism in the rifting stimulates significant formation of VMS deposits.
Summary
Mineralization recognized in the seafloor hydrothermal systems of the Okinawa Trough have been considered analogous to the formation of ancient Kuroko-type VMS deposits. Mineralogical and geochemical compositions of polymetallic (zinc and lead enriched) sulfide assemblage is commonly recognized among the hydrothermal fields, which strongly resemble Kuroko-type deposits. On the other hand, microscopic observation revealed texture of the sulfide minerals collected from above the seafloor showed distinctive feature. Deep drilling into the Iheya North Knoll hydrothermal field during IODP Expedition 331 provided additional evidence for this analogy. Sulfide blocks of sphalerite-rich massive sulfides ("black ore") collected from a hydrothermal mound inside shows clear evidence for formation by both surface detrital and subseafloor chemical processes, with some sphalerite precipitation in void spaces. Moreover, vertical profiles of mineral occurrence revealed subseafloor hydrothermal structure directly comparable to that of Kuroko-type deposits both in horizontal and vertical scales. On the other hand, geochemical studies of hydrothermal fluid venting from the seafloor demonstrated that the recognized diverse range of sulfide and sulfate mineralization could be related to subseafloor geochemical processes such as phase separation and probably mineralization. These results highlighted importance of subseafloor processes for formation of VMS deposits. Drilling studies targeting a hydrothermal field, as well as integration of geological, geophysical and hydrological studies of background environment, would significantly promote our understanding of dynamic processes for formation of VMS deposits.
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